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Electric field noise from fluctuating patch potentials is a significant problem for a broad range
of precision experiments, including trapped ion quantum computation and single spin detection.
Recent results demonstrated strong suppression of this noise by cryogenic cooling, suggesting an
underlying thermal process. We present measurements characterizing the temperature and frequency
dependence of the noise from 7 to 100 K, using a single Sr+ ion trapped 75 µm above the surface of
a gold plated surface electrode ion trap. The noise amplitude is observed to have an approximate
1/f spectrum around 1 MHz, and grows rapidly with temperature as T β for β from 2 to 4. The
data are consistent with microfabricated cantilever measurements of non-contact friction but do not
extrapolate to the DC measurements with neutral atoms or contact potential probes.
PACS numbers: 05.40.Ca, 37.10.Ty, 73.40.Cg
The surface of a metal is ideally an electrical equipo-
tential, but in reality it exhibits significant potential vari-
ations, up to hundreds of millivolts over micrometer dis-
tances. These “patch potential” variations generate local
electric fields, with a static component thought to origi-
nate from differences in the work function between crys-
tal facets, further modified by adsorbates. Because of the
impact these fields can have on precision measurements,
static patch fields have been extensively characterized in
studies of neutral atoms[1, 2, 3], gravitational forces[4, 5],
electron emission[6] and contact potentials[7, 8, 9] for a
wide variety of materials and morphologies.
Patch potentials also fluctuate in time, a process
about which surprisingly little is known, but one with
broad practical implications in trapped ion quantum
computation[10, 11, 12, 13], nanomechanics[14, 15, 16],
single spin detection[17] and measurements of weak
forces[18, 19]. The origin of the fluctuations is unknown,
but one startling observation has been that cooling of the
metal surfaces suppresses the noise by many orders of
magnitude, in both ion traps[20, 21] and microfabricated
cantilevers[15]. One might expect that this suppression
originates from activation barriers for processes changing
the surface potential, such as diffusion of surface adsor-
bates. However, so far there is no systematic data on
the dependence of the fluctuation amplitude on temper-
ature, which could support or refute such a hypothesis,
illuminating the underlying physical mechanism.
Here, we present a controlled study of the tempera-
ture dependence of the amplitude of electric field noise
between 0.6 MHz and 1.5 MHz, and from 7 to 100 K,
measured by a single trapped ion located 75 µm above a
gold surface. We begin, below, with a description of the
surface electrode trap used in the experiment, and sum-
marize the strategies employed to control errors. Eight
datasets are presented, showing a noise amplitude which
grows with temperature as T β where 2∼
<β∼
< 4. The spec-
trum is found to scale with frequency as f−α with α ∼ 1
at T = 100K, but α∼
< 1 for T < 100 K. We show in the
analysis that this temperature dependence is inconsistent
with expectations from the previously proposed theoreti-
cal models based on thermal voltage fluctuations[22, 23],
and propose as an alternative a model based on a contin-
uous spectrum of thermally activated random processes.
We conclude by noting consistency between our observed
noise amplitudes and temperature dependence with mea-
surements using cantilevers, but find that the field am-
plitudes observed at ∼ 1 MHz do not extrapolate well to
the DC amplitudes observed in other systems.
The trap design is identical to the smallest of the traps
described in Ref. [21], with the trap center 75 µm above
the surface. The fabrication process is similar to that
of Ref. [13], and is described only briefly here. Initially,
a 10 nm layer of Ti, followed by a 100 nm layer of Ag,
is evaporated onto a crystal quartz substrate, chosen for
its high thermal conductivity at cryogenic temperatures.
Trap electrodes are patterned with AZ 4620 photore-
sist, and the exposed areas electroplated using Transene
TSG-250 gold plating solution. A 1 kΩ heating element
and two RuO2 temperature sensors, on opposite sides of
the trap, are soldered to the surface of the trap. The fin-
ished chip is glued in a ceramic pin grid array carrier with
a low vapor pressure epoxy (TorrSeal), cleaned in labo-
ratory solvents, dried at 100 ◦C, exposed to a UV/ozone
lamp to remove organic residue and transferred to the
vacuum chamber within hours of cleaning. Given the
strong dependence of noise on fabrication process ob-
served in previous experiments[21], we fabricated 4 traps.
The room temperature heating rates were measured in
one of these traps (trap IV) to be 4200 ± 300 quanta/s
at 1 MHz, in good agreement with published data[13, 24].
The trap is cooled by contact to the 4 K plate of a he-
lium bath cryostat. The poor thermal conductivity of the
ceramic carrier allows for stabilization of the trap tem-
perature at 7 to 100 K, limited by the maximum power
dissipated by the heating element (500 mW). The RF
2and DC sources, leads and filters remain at a constant
temperature throughout our measurement, contributing
at most a temperature independent noise offset.
To measure the field noise, a single Sr+ ion, produced
by photoionization of a thermal vapor, is loaded into the
trap. The ion is Doppler cooled to < 1 mK, then the low-
est frequency vibrational mode is sideband cooled to the
motional ground state, with better than 99% probability.
The number of phonons, n, in this mode can be derived
from the transition probabilities on the blue (Pbsb) and
red motional sidebands (Prsb) of the S1/2 ↔ D5/2 tran-
sition using n = PrsbPbsb−Prsb [11]. The heating rate n˙, ob-
tained by introducing a variable delay between sideband
cooling and measurement of the transition probabilities,
is converted to electric field noise using
SE(f) =
4mh¯ (2pif)
q2
n˙ ≈ 15 n˙
f
1 MHz
×10−15 V2/m2/Hz
where m is the ion mass, f the trap frequency and q the
charge of the ion.
In order to minimize other sources of heating, all DC
sources are low-pass filtered at 4 kHz, and the RF source
is high-pass filtered at 10 MHz. Ion micromotion is re-
duced using the photon-correlation method to < 10 nm
in the plane of the trap and < 100 nm perpendicular to
that plane[25]. The observed heating rates do not de-
pend strongly on DC and RF voltages near the optimal
operating point. Electric field noise data was taken in a
non-sequential order of temperatures to guard against re-
maining temperature independent sources. Finally, val-
ues measured at 6 K increased by 5±4 ×10−14 V2/m2/Hz
after loading ≈ 1000 ions. Typically, fewer than 50 ions
are loaded over a trap lifetime, and therefore Sr contam-
ination is not expected to affect our noise measurements.
For more details about the measurements, see Ref. [26].
The temperature dependence was characterized in four
traps, with one trap measured five separate times, result-
ing in 8 datasets. Except where noted, data was taken at
0.84 to 0.88 MHz and scaled to 1 MHz assuming 1/f scal-
ing. The observed field noise remains rather flat below
40 K, but increases rapidly with temperature above that
point, where it can be modelled accurately by a poly-
nomial T β (Fig. 1). Table I summarizes the parameters
of fits of the datasets to the experimentally motivated
form SE(T ) = S0
(
1 + (T/T0)
β
)
. The frequency spec-
trum of the noise was measured in one trap (trap III a),
and fitted to f−α. At 100 K, the exponent α is very close
to 1, consistent with published values[20, 24]. At lower
temperatures, however, α ≈ 0.7 (Fig. 2).
The exponent β varies between the traps and sepa-
rate measurements in the same trap. In trap III, the ob-
served noise amplitude was stable for hours (III a), before
abruptly dropping after temperature cycling to 130 K
(III b). Temperature cycling to 340 K, without break-
ing vacuum, resulted in a further decrease (III c). Ex-
posure to air and laboratory solvents did not return the
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FIG. 1: Temperature dependence of the measured field noise
in trap II (dots) and the fit to SE(T ) = 42
`
1 + (T/46 K)4.1
´
×
10−15 V2/m2/Hz (dashed line).
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FIG. 2: Noise spectrum at 6 different temperatures measured
in trap III a. Plotted are the values of SE(f)×f and fit lines to
SE(f)× f = f
1−α. The fit exponent α and the measurement
temperature are indicated above fit lines.
observed fluctuations to initial values (III d,e), indicating
that temperature cycling results in an irreversible change.
The lowest obtained value (III e) is more than 2 orders of
magnitude below best reported values for similarly sized
traps operated at room temperature[24]. Trap IV, used
to measure the noise at room temperature, exhibited sig-
nificantly higher heating rates at cryogenic temperatures,
possibly related to temperature cycling between 77 K
and 200 ◦C or cleaning in hot acetone, performed when
removing the trap from the room temperature system.
Despite strong variation in the amplitudes S0, the turn-
on temperatures T0 are consistent through the dataset.
The finite zero-temperature intersect indicates either zero
temperature fluctuations, or a thermally activated pro-
cess with activation energy less than 7 K[27].
In one instance, we found a dramatically distinct be-
havior. After trap II was cleaned in an ultrasonic bath,
3Fit Parameters
Trap S0 [10
−15 V2/m2Hz] T0 [K] β [1] Notes
I 65± 3 73± 3 3.0± 0.2 6th cooldown
II 42± 2 46± 1 4.1± 0.1 Initial cooldown
III a) 167 ± 7 46± 1 3.6± 0.2 Initial cooldown
b) 120± 10 45± 3 3.5± 0.2 Temperature cycle to 130K while in vacuum
c) 54± 3 44± 2 3.2± 0.1 Temperature cycle to 340K while in vacuum
d) 60± 4 49± 4 2.1± 0.1 Recleaning in lab solvents in air
e) 18± 3 17± 3 1.8± 0.1 Recleaning in lab solvents in air
IV 3300 ± 40 73± 1 3.2± 0.1 Following the room temperature measurements
TABLE I: Summary of the fit parameters to SE(T ) = S0
`
1 + (T/T0)
β
´
obtained from the measurements. Trap III was measured
five times, with in-between processing steps indicated in the notes column. Trap IV was measured in a room temperature system
prior to measurements at cryogenic temperatures.
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FIG. 3: (color online) Anomalous behavior observed in trap
II, after cleaning in an ultrasonic bath. Datapoints taken at
0.86 MHz (red circle) and 1.23 MHz (blue ×) were scaled to
1 MHz assuming 1/f scaling and fitted to an Arrhenius curve
(dashed line).
the surface became visibly roughened. The observed
heating rates increased from the initial values by 2 or-
ders of magnitude. The temperature dependence could
not be fitted to the T β form, but followed an Arrhenius
curve, SE(T ) = S0 + ST e
−T0/T , with activation energy
T0 ≈ 40 K (Fig. 3). Good agreement of the fit and ex-
perimental data suggests that the noise is dominated by
a narrow range of activated processes[28].
The measured temperature dependences allow us to
examine the viability of proposed theoretical models of
the noise. In particular, thermal voltage fluctuation
(Johnson-like) models scale as ρ × T , where ρ is the re-
sistivity of the metal electrodes[22, 23]. Given the al-
most linear dependence of gold resistivity on temperature
above 20 K, such a model would predict a T 2 dependence,
at odds with the observed exponents up to 4.1. Similarly,
the high exponent suggests that the mechanism responsi-
ble for heating in ion traps is fundamentally distinct from
that responsible for charge noise in condensed matter sys-
tems, where observed noise scales as T or T 2[29, 30, 31].
The observed T β dependence can be explained by as-
suming a spectrum of thermally activated random pro-
cesses (charge traps, adsorbate diffusion etc.), with den-
sity of activation energies D(E) ∝ Eβ−1[32]. Such a
model naturally accounts for the f−α frequency depen-
dence with a temperature dependent exponent given by
α = 1−
1
ln(ωτ0)
(
β(T/T0)
β
1 + (T/T0)β
− 1
)
where τ0 is the shortest timescale in the system, assumed
to be 10−12 s (inverse phonon frequency). This model
predicts that α should be slightly less than 1 when T <
T1 = T0/(β − 1)
1/β ≈ 35 K (trap III a) and slightly
more than 1 when T > T1. While our data exhibits
qualitatively similar behavior, experimentally α remains
below 1 up to T ≈ 90 K. A further refinement of the
model would be necessary to resolve this issue.
It is instructive to compare the measured electric field
noise with what is observed in other systems, assuming
the surface distance and frequency scalings to be d−4 and
f−1, as observed in ion traps[11, 20]. Rewriting the room
temperature data as SE(f) = f
−1d−4 × 10−21V2m2,
the expected noise at 100 nm and 10 kHz is SE ≈
103 V2/m2/Hz. Refs. [14, 16] use the damping rate Γ
of the mechanical motion of a microfabricated cantilever
to measure the electric field noise above a gold surface
as SE(f) = (4kBTΓ)/(CV )
2. Here kB is the Boltzmann
constant and C and V are the capacitance and voltage
between the surface and the cantilever tip. Both papers
use cantilevers tips with a radius of curvature ρ∼
< 30nm
and report electric field noise within an order of mag-
nitude of that extrapolated from this work. Ref. [15]
makes a similar measurement using a cantilever tip with
ρ ≈ 1µm and reports noise field suppression by a factor of
20 upon cooling to 77 K and an additional factor of 25 af-
ter cooling to 4 K, within a factor of 2 of the temperature
dependence observed in this work. The amplitude of the
field noise, however, is three orders of magnitude smaller
than that extrapolated from this work; this is perhaps
4a consequence of field suppression in the regime d ≪ ρ.
Reported distance scaling varies from d−4 in the regime
d ≈ ρ[14] to d−1 in the regime d≪ ρ[15]; Ref. [16] reports
a distance scaling in between. Such probe size effects do
not influence measurements with strongly confined ions,
but have to be accounted for in a comparison of cantilever
and ion trap experiments.
The results presented can also be extrapolated to very
low frequencies by integrating the 1/f noise spectrum, al-
lowing for a comparison with the measurements of static
patch fields. The extrapolated room temperature fluctu-
ation of electric field, σE , in time τ = 1 s is approximately
σ2E = SE(f)×f×ln (τ/τ0) ≈ d
−4×10−20 V2m2[33]. For a
surface distance d = 1 µm, we get σE ≈ 10
2 V/m. For the
same surface distance, Eq. (4) of Ref. [2] reports a static
field variance with d−4 dependence of σE ≈ 10
4 V/m.
This mismatch becomes worse for d > 1 cm where the
extrapolated fields become insignificant compared to the
measured values[1]. Contact potential experiments pro-
vide a different physical characteristic of the static patch
fields, the product of the patch size Apatch and the sur-
face potential variance σ2V , with a reported value of
σ2V Apatch ≈ 10
−12 V2m2[7]. The same quantity can be
estimated from the field noise measurements presented
here using SE(f)d
4 ≈ SV (f)Apatch[11]. Integrating over
the frequency spectrum, we get σ2V Apatch ≈ σ
2
Ed
4 ≈
10−20 V2m2. One possible explanation of the mismatch
between the extrapolation of this work to low frequencies
and the direct measurements of Refs. [1, 2, 7] is that only
a fraction of the static field sources fluctuate.
In conclusion, we have measured the temperature and
frequency dependence of electric field noise above a gold
surface using a single Sr+ ion. Noise field measurements
show significant variability, including a 10-fold reduction
after repeated cycling between 4 and 300 K, and a dra-
matic change in behavior upon cleaning in an ultrasonic
bath. The temperature dependence we observe is incon-
sistent with the previously proposed thermal voltage fluc-
tuation models, but may be explained using a spectrum
of thermally activated random processes. Further work
is needed to obtain quantitative agreement between this
model and our observed frequency dependence. Experi-
mental noise amplitudes and temperature scaling are sim-
ilar to those measured using microfabricated cantilevers,
suggesting a common origin. We hope that future im-
provements in understanding the spread of measured val-
ues in ion trap experiments and distance scaling in can-
tilever experiments will strengthen the correspondence.
We thank K. R. Brown and V. Vuletic for helpful ad-
vice. This work is supported in part by the Japan Science
and Technology Agency, the NSF CUA, and the ARO.
∗ labaziew@mit.edu
[1] J. Neukammer, H. Rinneberg, K. Vietzke, A. Knig, et al.,
Phys. Rev. Lett. 59, 2947 (1987).
[2] C. I. Sukenik, M. G. Boshier, D. Cho, V. Sandoghdar,
E. A. Hinds, Phys. Rev. Lett. 70, 560 (1993).
[3] J. M. Obrecht, R. J. Wild, and E. A. Cornell, Phys. Rev.
A 75, 062903 (2007).
[4] J. M. Lockhart, F. C. Witteborn, and W. M. Fairbank,
Phys. Rev. Lett. 38, 1220 (1977).
[5] N. A. Robertson, J. R. Blackwood, S. Buchman, R. L.
Byer, et al., Class. Quant. Grav. 23, 2665 (2006).
[6] C. Herring and M. H. Nichols, Rev. Mod. Phys. 21, 185
(1949).
[7] J. B. Camp, T. W. Darling, and R. E. Brown, J. Appl.
Phys. 69, 7126 (1991).
[8] F. Rossi and G. I. Opat, J. Phys. D 25, 1349 (1992).
[9] N. Gaillard, M. Gros-Jean, D. Mariolle, F. Bertin, et al.,
Appl. Phys. Letters 89, 154101 (2006).
[10] D. F. V. James, Phys. Rev. Lett. 81, 317 (1998).
[11] Q. A. Turchette, D. Kielpinski, B. E. King, D. Liebfried,
et al., Phys. Rev. A 61, 063418 (2000).
[12] L. Deslauriers, P. C. Haljan, P. J. Lee, K.-A. Brickman,
et al., Phys. Rev. A 70, 043408 (2004).
[13] S. Seidelin, J. Chiaverini, R. Reichle, J. J. Bollinger,
et al., Phys. Rev. Lett. 96, 253003 (2006).
[14] I. Dorofeyev, H. Fuchs, G. Wenning, and B. Gotsmann,
Phys. Rev. Lett. 83, 2402 (1999).
[15] B. C. Stipe, H. J. Mamin, T. D. Stowe, T. W. Kenny, D.
Rugar, Phys. Rev. Lett. 87, 096801 (2001).
[16] S. Kuehn, R. F. Loring, and J. A. Marohn, Phys. Rev.
Lett. 96, 156103 (2006).
[17] H. J. Mamin, R. Budakian, B. W. Chui, and D. Rugar,
Phys. Rev. Lett. 91, 207604 (2003).
[18] C. C. Speake and C. Trenkel, Phys. Rev. Lett. 90, 160403
(2003).
[19] R. S. Decca, D. Lo´pez, H. B. Chan, E. Fischbach, et al.,
Phys. Rev. Lett. 94, 240401 (2005).
[20] L. Deslauriers, S. Olmschenk, D. Stick, W. K. Hensinger,
et al., Phys. Rev. Lett. 97, 103007 (2006).
[21] J. Labaziewicz, Y. Ge, P. Antohi, D. Leibrandt, et al.,
Phys. Rev. Lett. 100, 013001 (2008).
[22] S. K. Lamoreaux, Phys. Rev. A 56, 4970 (1997).
[23] C. Henkel, S. Potting, and M. Wilkens, Appl. Phys. B
69, 379 (1999).
[24] R. J. Epstein, S. Seidelin, D. Leibfried, J. H. Wesenberg,
et al., Phys. Rev. A 76, 033411 (2007).
[25] D. J. Berkeland, J. D. Miller, J. C. Bergquist, W. M.
Itano, et al., J. Appl. Phys. 83, 5025 (1998).
[26] J. Labaziewicz, Ph.D. thesis, MIT (2008).
[27] M. Schlosshauer, A. P. Hines, and G. J. Milburn, Phys.
Rev. A 77, 022111 (2008).
[28] K. A. Connors, Chemical Kinetics (Wiley, New York,
1990).
[29] F. C. Wellstood, C. Urbina, and J. Clarke, Appl. Phys.
Letters 85, 5296 (2004).
[30] O. Astafiev, Y. A. Pashkin, Y. Nakamura, T. Yamamoto,
J. S. Tsai, Phys. Rev. Lett. 96, 137001 (2006).
[31] J. Eroms, L. C. van Schaarenburg, E. F. C. Driessen,
J. H. Plantenberg, et al., Appl. Phys. Letters 89, 122516
(2006).
[32] P. Dutta and P. M. Horn, Rev. Mod. Phys. 53, 497
(1981).
[33] F. N. Hooge and P. A. Bobbert, Physica B 239, 223
(1997).
